We develop a coherent Raman technique for simultaneous planar imaging and multiplex spectroscopy provided in a single-laser-shot. Spatially correlated spectra from multiple species in a two-dimensional field are presented and possible gas-phase applications are discussed.
Introduction
Coherent anti-Stokes Raman spectroscopy (CARS) has been developed over the last 4 decades for various gasphase-, plasma-, flame-and combustion applications and is referred to as the "gold standard" for nonintrusive spectroscopic measurements in harsh environments [1, 2] . It is the combination of excellent chemical selectiveness, i.e. the ability in targeting distinct quantum states of individual molecular species, and the coherent properties of the generated signal beam, which makes this technique very powerful. For most of the gas-phase applications, with rapidly changing events ranging from μs to ms, there is a constraint in performing instantaneous measurements and is beneficially fulfilled by the inherent property of the Raman process. It is the time-duration of the probe pulse which ultimately limits the temporal resolution, where today existing techniques, implemented with ultra-fast laser systems operate around or even below collision lifetimes. Still, while a reacting flow is fully characterized in threedimensional space, a limitation of CARS has been its main applicability as a point-wise measurement technique. Establishing gas-phase CARS for instantaneous planar imaging, however, requires designing a novel scheme for both the signal generation and the signal detection. Because the physical scalars quantifying an event in a reactive flow exist only for an instantaneous moment of time, laser-scanning or sample-rastering procedures may not be employed. Here we develop a unique capability for simultaneous planar imaging and multiplex spectroscopy provided in a single-laser-shot, which has been a long-standing goal during this technique extensive history.
Description of technique and possible gas-phase applications
The advance for two-dimensional (2D) spatial probing needs to address two separate obstacles; the first deals with the phase-matching condition (momentum conservation) for successful 2D-CARS signal generation [3] , and the second with a spectrally resolved detection of a 2D spatial image [4] .
In Fig. 1a , spatially and spectrally resolved pure-rotational S-branch N 2 CARS transitions are displayed as being detected on a CCD, manifested by the intensities of each the individual transitions resembling the spatial structure of a mask inserted in the probe beam path [4] . The individual pixels in each the transitions are mapping a specific spatial location in the probed field (2 mm x10 mm), and accordingly spectra can be extracted from these positions pixel-to-pixel. The three images are obtained simultaneously, and with each the transitions having a frame size of 120 x 125 pixels yielding a total of ~15,000 spatially correlated spectra obtained with a single-laser-shot. The capability of tunable spectral dispersion is shown in Fig. 1b , which is an important feature of the spectrometer, obtained by changing the focal length of the imaging lens allowing for detection of fully isolated transitions for analyzing mixtures of molecular species but also to increase the probed field. In its simplest form, the technique is suitable for probing pure-rotational transitions of diatomics with well-separated narrow spectral lines and is here demonstrated in a mixture of N 2 and O 2 (Air). Another applicable species with a strong Raman cross-section is H 2 , and was imaged in a jet-stream co-flowed with N 2 as displayed in the 2D-plots of Fig. 2a and the 3D-plots of Fig.  2b . This is another example of multiplex two-dimensional imaging where the spatial distributions of both species are mapped as a function height above burner (HAB) and along the horizontal coordinate (x). Parts of the intensity variation across the field shown in Fig. 2a and Fig. 3b are not due to the distributed relative concentration of the species, instead caused by a non-uniform spatial profile of the probe laser pulse. However, the inhomogeneity in both the excitation and probe laser profile is not a limiting problem for 2D-CARS, since the same spatial irregularity is repeated in all the spectral transitions (as shown in Fig. 2a) , and accordingly the technique is self-referenced against these effects.
(a) Imaged H2 jet-stream co-flowed with N2 (b) Self-referenced against laser pulse inhomogeneity Fig. 2 . a, Two-dimensional imaging of a H2 jet-stream co-flowed with N2, detecting both transitions H2 S(0) and H2 S(1) at ~354 cm -1 and ~587 cm-1, respectively, with a single-laser-shot. b, Varying intensity distributed over the field caused by a non-uniform spatial profile of the probe laser pulse. The same spatial irregularity is repeated in all the spectral transitions, and accordingly the technique is self-referenced against these effects.
An immediate application of the technique is that of robust gas-phase 2D thermometry with opportunities to leverage cutting edge diagnostics for many fast dynamical gas-phase systems, and is currently under development in our lab. We see an interesting ability of performing joint studies between this and other techniques, for example that of simultaneous thermal-and flow-field measurements using combined planar CARS and particle-imagingvelocimetry (PIV).The development will open up new research avenues for any dynamical process that involves spatial effects such as diffusion, transport, mixing, energy transfer, and chemical reaction for instance.
The technique was applied in a series of intense laser-induced plasma filaments experiments, performed to potentially gain insight of energy dissipation following plasma formation. In Fig. 3a , the probing geometry is shown relating the detection-view to the lab-view. The possibility of time-resolved measurements was explored at timescales ranging from ns to μs studying the propagation of the plasma induced shockwave as well as the species N 2 and H 2 recombination rates. A small subset of raw data is shown in Fig. 3b , where the displayed images are from a single transition, N 2 S(8), and recorded with a time-delay of 15 ns, 55 ns, 95 ns, respectively relative the plasma pulse.
(a) Probing geometry (b) Time-resolved study of shockwave propagation Fig. 3 . a, Geometry for the 2D-CARS signal generation plane, based on the two-beam phase matching scheme, probing an intense laser pulse induced plasma. b, Time-resolved measurements studying the propagation of the plasma induced shock wave.
